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far from Sfax, Tunisia. The soil was silty (76% sand, 14% silt, and 10% clay), calcareous, with organic carbon of 0.32% and a pH of 8.7. Volumetric water contents at the field capacity and the wilting point are equal to 31% and 6.6%, respectively.
The region is characterized by a semi-arid climate, with an average annual rainfall of 250 mm and about 1400 mm of reference evapotranspiration (ET 0 ); the period from May to October is generally dry and characterized by high temperatures. The annual highest temperature generally occurs in August and the lowest in January. Weather variables were recorded hourly by an automatic climatic station installed about 100 m far from the olive orchard. Daily averages of the standard meteorological variables, i.e., wind speed, air temperature, solar radiation, precipitation, and relative air humidity were then evaluated.
The experiment was conducted on three different olive oil varieties: two of them, i.e., Chetoui and Chemlali, are local for Tunisia whereas the third, Koroneiki, is relatively new for the country, having been recently imported from Greece. Chemlali accounts for 80% of the national olive oil production and it is grown in central and southern Tunisia in which very low rainfall occurs (<250 mm per year), whereas Chetoui is widespread in the north of the country, either in plains or in mountainous regions. All the varieties were planted at a density of 204 trees/ha. Trees were clean-cultivated and trained using the globe vase-form.
Experimental Design and Treatments
The experiment followed a randomized block design. The tagged trees were arranged in three plots (three varieties) with nine trees for each cultivar. Three treatments were considered: trees conducted under rainfed condition (TRF), trees irrigated with 50% ET c (T50), and finally trees that received 50% ET c and fertilized by diluting the fertilizer in the irrigation water (T50F). All experimental trees were surrounded by guard trees to minimize the interactions between irrigation and fertilization.
The irrigation requirement was determined using the FAO method [33] . Daily reference evapotranspiration (ET 0 ) was estimated using the Penman-Monteith equation. Maximum crop evapotranspiration (ET c ) was computed by multiplying ET 0 for the crop-specific coefficient (K c ) and a reduction coefficient (K r ). The K c values used in this research were those proposed by Fernandez and Moreno [34] for mature olive trees (0.60 in April, 0.55 in May, 0.50 in June, 0.45 in July and August and, finally, 0.60 in October). The K r value was assumed to equal to 1 when the percentage of the soil coverage was higher than 50% [35] . The first watering, equal to 50% ET c was applied at the beginning of April. Olive trees were irrigated twice a week by a localized system, with four emitters per tree discharging 8 l/h at a pressure of 100 kPa. Then, irrigation continued during the whole dry season till early September, when the first autumn rains were recorded.
The fertilizer applied during the four years was composed of macronutrients (nitrogen 16%, phosphorus 8%, potassium 24%, and magnesium 2%) and micro-elements (boron 200 ppm, copper 400 ppm, iron 500 ppm, manganese 550 ppm, zinc 200 ppm, and molybdenum 30 ppm). The applied dose per week varied during the olive tree phenological stages. The applied concentration was equal to 3.0 Kg/ha per week in the period from bud break to fruit set (weeks 1-14), 3.6 Kg/ha per week from the fruit set to pit hardening, when seeds become hard (weeks [15] [16] [17] [18] [19] [20] [21] [22] and, finally, 2.9 Kg/ha per week from pit hardening to harvesting (weeks 22-32).
Measurements of Plant Water Status
Leaf water potential were measured monthly with a pressure chamber (PMS600, PMS Instrument Co., Corvallis, OR, USA), by following the methodology proposed by Turner [36] . Midday leaf water potential (Ψ, MPa) was periodically measured on three leaves per each cultivar and treatment.
In particular, each one-year-old expanded leaf was wrapped in plastic envelops for about half an hour, detached from mid-canopy, and rapidly inserted in the pressure chamber after abscission. These measurements were carried out once a month, from March to October. On May 15th, 2014, leaf water potential was monitored every two hours from 4:30 a.m. (predawn) to 8:00 p.m. on three exposed leaves for each cultivar and irrigation treatment, collected every 2 h.
Measurements of relative water content (RWC) were carried out at the same time of leaf potentials on a total of 10 leaves per cultivar and treatment, by following the same method of El-Sharkawi and Salama [37] , who applied the methodology proposed by Weatherly [38] , as later modified by Weatherly and Barrs [39] . A leaf disc was punched from the center of the leaf and then weighed with a precision of 10 −2 g, to measure the Fresh Mass (FM); after floating for 4 h in distilled water, the leaves were weighed again to measure the turgid mass (TM). To determine the dry mass (DM), the discs were oven-dried at 80 • C till constant weight. The relative water content in %, was calculated as
Yield and Water Use Efficiency
The olive production of each monitored tree was weighed individually; then the average yields and the corresponding standard deviations were evaluated for the three trees of each treatment and cultivar. Yield per hectare was determined by multiplying the average production by the tree density. The cumulative yields for the different cultivars were finally calculated by summing the corresponding yield obtained in the four investigated years.
Water use efficiency for each treatment and cultivar was evaluated as the ratio between the crop yield and the water consumption, equal to the sum of rainfall and the water amount applied per tree during the whole period of the experiments.
Statistical Analysis
Statistical analysis was performed using the SPSS statistical computer program (version 23.0 for window). Leaf water potentials and crop yields were subjected to multivariate analysis using the general linear model (GLM) procedure. The means comparisons were performed based on Duncan's multiple range test at probability levels p < 0.05 and p < 0.001. Table 1 summarizes the values of maximum, minimum and mean air temperature (T Max , T Min , T Mean ), relative humidity (RH), reference evapotranspiration (ET 0 ), crop evapotranspiration (ET c ), rainfall and irrigation amount (IA) during the four investigated years. As can be observed, the daily mean temperature and relative humidity at the experimental site resulted in almost constant, with values ranging between 20.2 • C and 20.7 • C, and between 59.0% and 62.0%, respectively (Table 1) . Figure 1 shows the temporal patterns of reference evapotranspiration and precipitation. As expected, the values of ET 0 resulted quite high in summer, with peaks higher than 7.0 mm/d, and low in winter, when ET 0 varied between 1.0 and 2.0 mm/d. Annual ET 0 in the four years ranged between 1408 and 1486 mm/year. The highest ET 0 values were generally observed between May and August (from Day of Year, DOY 121 to DOY 244). The maximum daily evapotranspiration results were equal to 8.1, 9.4, 8.3 and 7.6 mm/d in 2014, 2015, 2016 and 2017, respectively (Figure 1 ). During the four investigated years, rainfall resulted equal to 168.3 mm, 195.7 mm, 160.7 mm and 155 mm, mainly concentrated between the late autumn and the early spring. The maximum cumulative crop evapotranspiration (ETc) estimated during the four years resulted quite uniform, with values ranging between 745 and 788 mm/year. The slightly higher values of ETc registered in 2014 was a consequence of the slightly higher reference evapotranspiration. During the four years, the irrigation amount (IA) varied from a minimum of 274.0 in 2015 to a maximum of 310.0 mm in 2016. Despite in a few cases the standard deviation associated to the measurements resulted quite large, all the data were used for the statistical comparison. In addition, during each year, the differences in leaf water potential measured on the same cultivars resulted in general significant (p < 0.001) depending on the treatment, with the lowest values commonly observed under rainfed conditions, TRF ( Table 2) . for the statistical comparison. In addition, during each year, the differences in leaf water potential measured on the same cultivars resulted in general significant (p < 0.001) depending on the treatment, with the lowest values commonly observed under rainfed conditions, TRF ( Table 2 ). The values of Ψ leaf generally tended to decrease from mid of May to mid of September for all treatments and cultivars, especially for the non-irrigated trees. The arid climate and the almost dry soil resulted in a noticeable deficit during long periods, from May to September. Despite some exceptions, the lowest Ψ leaf were observed in September, while the highest in April, as a consequence of the frequent fall and winter rainfall.
Results

Environmental Conditions and Irrigation Water Requirements
Plant Water Status
Temporal Dynamic of Leaf Water Potential during the Growing Seasons and for the Four Years
Under the examined conditions, as observed, the non-irrigated trees (TRF) showed the lowest values of leaf potentials, whereas the trees in T50 and T50F generally showed a better water status compared to TRF. In 2014, compared to the other years, the cultivars Chemlali and Chetoui were characterized by relatively high-stress levels, even when they were irrigated (T50) or irrigated and fertilized (T50F). The values of Ψ leaf for Chemlali and Chetoui, in 2014, reached the minimum values of −4.55 and −4.75 MPa, respectively. This result may be due to the exceptionally hot weather conditions, the high air temperatures and the low rainfall characterizing the beginning of the growing season, which determined a quite high atmospheric water demand with a scarce soil water availability. It is important to mention that the comparison between treatments, as well as the interaction of two factors (year and treatment) on leaf water potential measured on different dates, were significant ( Table 2 ).
Diurnal Course of Leaf Water Potential
On May 15, 2014, which was a clear day with the blue sky, measurements of Ψ leaf were carried out every two hours. At the beginning of the day, slight differences in predawn leaf potentials measured in the different treatments and cultivars were recorded (Figure 3 ).
At the sunrise (4:50 am), in the absence of plant transpiration, the values of Ψ leaf varied between −1.0 and −1.8 MPa. For the three cultivars, the plants cultivated under the rainfed condition were generally characterized by the lowest predawn leaf potential. As expected, for all the treatments and cultivars, the values of Ψ leaf tended to decrease as the hours progressed. The lowest values were recorded between 13:00 to 15:00 h GMT. Both the Chemlali and Chetoui cultivars, during the day, showed slightly higher potentials under T50 and T50F treatments, as a consequence of the better water status compared to the rainfed treatment (TRF). On the other hand, the values of Ψ leaf for the Koroneiki cultivar resulted in almost similar in all the treatments, with values always lower than −3.0 MPa. The response of the trees at midday is, of course, different from that at predawn, due to the water fluxes occurring when uncovered leaves are actively transpiring. After midday, the values of Ψ leaf tended to increase throughout the day, until the late afternoon, when the trees in T50 and T50F recuperated more rapidly than those in TRF. At the sunset (7:50 pm), the values of Ψ leaf ranged from −1.4 to −1.8 MPa and from −2.0 to −2.2 MPa, respectively under irrigated (T50 and T50F) and rainfed conditions (TRF). 
Seasonal Average Leaf Water Potentials
For the three cultivars maintained under TRF, T50 and T50F, Figure 4 shows the mean and the standard deviation of leaf water potential evaluated considering all the data collected during the growth period (from April to September) of the examined years. Despite the differences between treatments and cultivars that resulted in general statistically not significant, as expected, leaf water 
For the three cultivars maintained under TRF, T50 and T50F, Figure 4 shows the mean and the standard deviation of leaf water potential evaluated considering all the data collected during the growth period (from April to September) of the examined years. Despite the differences between treatments and cultivars that resulted in general statistically not significant, as expected, leaf water potentials for the two irrigated treatments (T50 and T50F) were mostly higher than those obtained in the non-irrigated treatment (TRF).
Sustainability 2019, 11, x FOR PEER REVIEW 9 of 18 potentials for the two irrigated treatments (T50 and T50F) were mostly higher than those obtained in the non-irrigated treatment (TRF). Comparing the four seasons, the lowest leaf water potential was observed in 2014 for the Chemlali cultivar in the absence of irrigation (TRF), with a value of Ψleaf equal to −3.95 MPa. Even for the other cultivars, the values of leaf water potential measured in 2014 resulted generally lower than those measured in the other years. These lower values were probably due to the high daily atmospheric evaporative demand occurring in the first semester of 2014 (from January 1, to June, 30), whose values, in about 60% of cases, resulted higher than the corresponding measured in the other years, with differences in the cumulative ET0, compared to 2014, equal to 8% (2015), 6% (2016) and 4% (2017). When considering all the cultivars and the absence of irrigation, in the four years Ψleaf ranged from −2.97 and −3.95 MPa, −2.68 and −3.65 MPa and −2.10 and −3.50 MPa for Chemlali, Chetoui, and Koroneiki, respectively.
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On the other hand, in treatments T50 and T50F, the values of leaf water potential resulted higher and ranging, in the four years, from a minimum of −3.70 MPa (Chetoui in 2014) to a maximum of −1.90 MPa (Chemlali in 2016). The trees in both the irrigated treatments (T50 and T50F) generally showed lower levels of water stress, especially for the Chemlali, when compared to the other cultivars. Especially in 2016 and 2017, the application of water or water and fertilizers (T50 and T50F), limited the crop water stress; in both the growth seasons leaf water potentials ranged, in fact, between −1.90 and 2.20 MPa and between −2.00 and 2.60 MPa, respectively. The Koroneiki cultivar showed the best conditions, as indicated by the highest leaf water potentials in both the irrigated and fertilized treatments.
Relative Leaf Water Content
The average relative leaf water contents, RWC, measured at different growth stages, such as flowering (April), fruit set (May-June), pit hardening (from mid-July to mid-August) and maturity (September) during the two crop seasons (2014 and 2015) are presented in Figure 5 .
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The average relative leaf water contents, RWC, measured at different growth stages, such as flowering (April), fruit set (May-June), pit hardening (from mid-July to mid-August) and maturity (September) during the two crop seasons (2014 and 2015) are presented in Figure 5 . Relative leaf water contents followed similar patterns than those observed for Ψleaf. The lowest RWC was detected in both the growing season, under the rainfed treatment. In the first growth season (2014), the relative water content ranged between 57% and 85%. For all the investigated cultivars, the minimum value was registered during the pit hardening stage (from mid-July to mid-August), when the atmospheric demand for water demand and crop evapotranspiration were high. When observing Relative leaf water contents followed similar patterns than those observed for Ψ leaf . The lowest RWC was detected in both the growing season, under the rainfed treatment. In the first growth season (2014), the relative water content ranged between 57% and 85%. For all the investigated cultivars, the minimum value was registered during the pit hardening stage (from mid-July to mid-August), when the atmospheric demand for water demand and crop evapotranspiration were high. When observing the cultivars' behavior, the Chetoui cultivar was characterized by the largest variation of RWC in all the treatments, with a maximum in 2014 of 87% registered in T50F and a minimum of 57% in TRF treatment. Similar variations were observed in 2015 when the leaf water content ranged between 51% and 93%. However, the difference between treatments and for all the cultivars resulted statistically not significant for both the growing seasons (2014 and 2015), due to the large variability of the measurements. Figure 6 shows the relationships between the leaf water potential and the relative leaf water content. As can be observed, for values of Ψ leaf lower than about −2.90 MPa, the reduction of the RWC determine the decrease of Ψ leaf . This behavior was more pronounced for the Chemlali and Chetoui cultivars, for which the slopes of the regression lines were equal to 0.0329 and 0.0309, respectively. On the other hand, the Koroneiki cultivar was characterized by a more limited variability of RWC, values of Ψ leaf that never fell below −4.20 MPa, and a slope of the regression line equal to 0.0265.
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Crop Yield and Water Use Efficiency
Considering the three cultivars, the rainfed treatment (TRF) showed the lowest average yield, which was equal to 2159 Kg/ha/year, 850 Kg/ha/year, and 1207 Kg/ha/year for the Chemlali, Chetoui, and Koroneiki cultivars, respectively (Figure 7a ). Significantly higher yields were obtained for Chemlali and Koroneiki in treatments T50 and T50F. The highest yield, equal to 4981 Kg/ha/year was achieved on the Koroneiki, receiving 50% ETc and fertilized (T50F). Independently from the management strategy, the Chetoui showed the lowest yield, which did not exceed 1530 Kg/ha/year, even for the irrigated treatments. Figure 7b shows the cumulated crop yields obtained for the three cultivars and in all the growth seasons (2014-2017). For the Chetoui cultivar, differences in cumulated crop yield achieved in the three treatments resulted statistically not significant. On the other hand, for the Chemlali and Koroneiki cultivars, the cumulative yield showed significant differences (p < 0.05) between rainfed treatment and irrigated or irrigated and fertilized ones. For the latter two cultivars, the maximum yield during the four years was slightly lower than 20 tons/ha (Figure 7b ). 
Considering the three cultivars, the rainfed treatment (TRF) showed the lowest average yield, which was equal to 2159 Kg/ha/year, 850 Kg/ha/year, and 1207 Kg/ha/year for the Chemlali, Chetoui, and Koroneiki cultivars, respectively (Figure 7a ). Significantly higher yields were obtained for Chemlali and Koroneiki in treatments T50 and T50F. The highest yield, equal to 4981 Kg/ha/year was achieved on the Koroneiki, receiving 50% ET c and fertilized (T50F). Independently from the management strategy, the Chetoui showed the lowest yield, which did not exceed 1530 Kg/ha/year, even for the irrigated treatments. Figure 7b shows the cumulated crop yields obtained for the three cultivars and in all the growth seasons (2014-2017). For the Chetoui cultivar, differences in cumulated crop yield achieved in the three treatments resulted statistically not significant. On the other hand, for the Chemlali and Koroneiki cultivars, the cumulative yield showed significant differences (p < 0.05) between rainfed treatment and irrigated or irrigated and fertilized ones. For the latter two cultivars, the maximum yield during the four years was slightly lower than 20 tons/ha (Figure 7b ). The average values of water use efficiency (WUE), evaluated as the ratio between the annual yield and the total water supply, for the different cultivars and treatments, with the related standard deviations are shown in Figure 8 . Fairly low water use efficiency was found in the different treatments of the Chetoui cultivar, with values equal to 0.50, 0.34 and 0.35 Kg/m 3 , for TRF, T50, and T50F, respectively. For the Chemlali cultivar, the highest values of WUE were associated with treatments TRF and T50, with values equal to 1. 31 The average values of water use efficiency (WUE), evaluated as the ratio between the annual yield and the total water supply, for the different cultivars and treatments, with the related standard deviations are shown in Figure 8 . Fairly low water use efficiency was found in the different treatments of the Chetoui cultivar, with values equal to 0.50, 0.34 and 0.35 Kg/m 3 , for TRF, T50, and T50F, respectively. For the Chemlali cultivar, the highest values of WUE were associated with treatments TRF and T50, with values equal to 1.31 and 1.26 Kg/m 3 , respectively. On the other hand, for the Koroneiki cultivar, the highest value of WUE, equal to 1.14 Kg/m 3 , was observed in the treatments T50F. However, per each cultivar, due to the high standard deviations associated with the treatments, the values of WUE were statistically not significant (p < 0.05) according to the Duncan test. 
Discussion
Plant water status and yield response for the three principal oil cultivars cultivated in central Tunisia, Chemlali, Chetoui and Koroneiki, during a long period study (four experimental seasons), showed a strong plasticity according to the different management options examined: trees cultivated under rainfed condition (TRF), trees receiving a supply of water equal to 50% ETc (T50) and trees receiving 50% of ETc and fertilized (T50F). However, the differences between cultivars were identified regarding the experimental conditions. Under rainfed conditions, a large reduction of the average leaf water potential (Ψleaf) was found. All cultivars showed similar behavior, but with variable intensity. During the four years of study, the most stressed cultivar was the Chemlali, followed by Chetoui and Koroneiki. In the four years, the average Ψleaf on the examined cultivars quite often resulted well below −2.0 MPa, indicating a certain level of water stress (Figure 4 ). In the irrigated (T50) and fertigated (T50F) treatments and for all the examined cultivars, the average leaf water potential increased. These results are in line with those obtained in previous studies in which it was stated that olive trees tend to decrease their leaf water potential to establish higher gradients between soil and leaves, to allow the root absorption [13] [14] 40] . Bongi and Paliotti [41] and Tognetti et al. [12] indicated that olive trees are characterized by a low hydraulic activity, which is responsible for a high degree of variation in leaf water potentials. Factors like cultivar adaptation, aridity of climate implying high thermal amplitudes, low frequency of rain and the high evaporative demand may also explain these results [15, 40, [42] [43] [44] . Fernandez et al. [16] and Moriana et al. [11] noticed that under conditions of high temperatures, olive plants can reduce the excessive water loss by closing their stomata. For this reason, the olive trees can reach lower leaf water potentials than other fruit species [45, 46] . Under the Tunisian climate, Ben Rouina et al. [40] noted that Ψleaf reached values around −4.0 MPa in rainfed conditions and sandy soils. According to Moriana et al. [11] , the lowest potential minimum value under rainfed conditions could reach −8.0 MPa. The achieved results corroborated those of Aïachi Mezghani et al. [47] who, investigating the behavior of local and foreign cultivars under two irrigation treatments (water supply of 10% ETc and fully irrigated with 100% ETc), showed that Koroneiki had strong plasticity according to its physiological responses.
According to the evolution of the growing season, the leaf water potential tended to decrease significantly during summer (July, August, and September), in all the different management options (rainfed, irrigated, and fertigated) and cultivars. This effect was more pronounced for non-irrigated trees, when the water availability was low and the evapotranspiration very high, due to the severe 
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According to the evolution of the growing season, the leaf water potential tended to decrease significantly during summer (July, August, and September), in all the different management options (rainfed, irrigated, and fertigated) and cultivars. This effect was more pronounced for non-irrigated trees, when the water availability was low and the evapotranspiration very high, due to the severe climatic conditions (high temperature, no rain, and depleted soil moisture) ( Figure 2 ). Relative leaf water content measured at different growth stages during two successive crop seasons (2014-2015), followed the same patterns observed for Ψ leaf . Moreover, it was observed that for values of Ψ leaf lower than about −2.90 MPa, the lower the RWC the smaller the Ψ leaf . The RWC decreased more markedly in the rainfed treatment than in the other management options ( Figure 5 ). The Chemlali and Chetoui cultivars had the largest variations of the relative leaf water content, ranging in the two years between 50% and about 90% ( Figure 6) .
The achieved results are in line with those reported by Wahbi et al. [43] , Tognetti et al. [12] and Martin-Vertedor et al. [3] , which indicated that the midday leaf water potentials decrease throughout the summer and tend to recover in early fall. On the contrary, Tognetti et al. [12] noticed the lowest values of Ψ leaf at midday, in rainfed orchards issued of Frantoio and Leccino, in early fall will not recover the spring values. According to Abd-El-Rahman et al. [46] , the leaf water content in olive trees is lower than in the other fruit species; the olive tissues can rapidly become turgid even when water uptake is low so that the full turgidity can be achieved after limited amounts of rain. Ben Rouina et al. [40] found that RWC was about 40% when predawn leaf water potential was between −5.0 MPa and −7.0 MPa. The trees receiving a water supply even lower than the optimal need and associated with the fertilizers were characterized by a better water status. This result was more evident on Chemlali and Koroneiki, which recovered rapidly and seemed to be more adapted for the Tunisian climatic condition. The achieved results corroborated those of Guerfel et al. [48] , who observed a higher resistance to the drought of Chemlali than of Chetoui cultivar, because of the ability of the cultivar to maintain the turgor, even when the trees are maintained under water deficit and/or anatomical alterations in their mesophyll tissues induced by water stress occur.
The minimum value of leaf water potential (Ψ leaf ) and leaf water content (RWC) were noticed during the pit hardening stage (July and August) for all the investigated varieties. The pit-hardening seems to be an important phenological stage, which coincides with the hottest temperature and the driest period. The results evidenced that, under the local climate, the maximum water stress occurred on pit hardening (Figure 1) , so that irrigation scheduling should be recommended in such a period. However, Alegre and Girona [49] reported that the fruits affected by water stress during pit-hardening, rapidly recover after the occurrence of water supplies. For the experiment, the values of Ψ leaf were higher at the beginning of the fall season (October) than at the end of the winter period, because the plant water status was restored by the frequent autumn rains.
Seasonal differences in crop water status were observed in the different growing seasons. In 2014, which had an exceptionally hot summer, the Chemlali and Chetoui varieties seemed to be more stressed even when they were irrigated (T50) and fertilized (T50F). The values of Ψ leaf reached values of −4.75 to −4.45 MPa. Such declines of leaf water potentials were observed by several authors, even in irrigated olive orchards [3, 9, 12, 14, 50] . These authors observed that seasonal dynamics of plant water status respond to the variations in tree water status, the soil moisture conditions, and the atmospheric evaporative demand. Some uncertainties were evoked on the threshold of Ψ leaf and the use of leaf potential to estimate the crop water status. Martin-Vertedor et al. [3] and Ahumada Orellana et al. [9] recommended the measure of stem potential at midday (Ψ stem ), which is more precise for irrigated mature olive orchards, less sensitive to the atmospheric changes, and gives more stable values so that it should be preferred to Ψ leaf .
At the beginning of the day, slight differences in Ψ leaf between treatments and varieties were recorded (Figure 3 ). Ameglio et al. [51] , Fernandez et Moreno [34] and Tognetti et al. [5, 12] indicated that the measurements of predawn leaf potential provide a good estimation of the soil water content, because it is measured in the absence of water fluxes, when the plant is in equilibrium with the soil. Tognetti et al. [12] found a high correlation between predawn potential measured and xylem water potential, which may facilitate the assessment of water status in the olive orchards. After that, all varieties and treatments showed a decrease in the Ψ leaf as the day progresses. The lowest values were recorded around midday, between 13:00 and 15:00 GMT. After this period, the values of Ψ leaf tended to increase throughout the day, until the late afternoon. Such a dynamic was also observed by Fernandez et al. [16] and Fernandez and Moreno [34] for the Manzanilla cultivar, which showed a rapid decrease of Ψ leaf in the morning, reaching minimum values between 14:00 and 16:00 GMT. However, according to these researchers, the values of Ψ leaf remained almost constant throughout the day until the late afternoon, when a sharp increase was observed.
The highest average yields, calculated with the data collected in the four years, were obtained for the Chemlali and Koroneiki varieties, under the T50 and T50F treatments, respectively. In particular, the highest yield for the Koroneiki cultivar resulted, on average, equal to 4981 Kg/ha/year. On the other hand, the Chetoui cultivar showed the lowest average yield, which has never exceeded 1530 Kg/ha/year. This result corroborated a previous work of Aïachi Mezghani et al. [6] , who evidenced the poor adaptability of this cultivar (low production per tree) to the local environmental conditions, even when the trees are fully irrigated with the restitution of 100% ET c . The non-irrigated treatments showed the lowest average yields which were equal to 2159 Kg/ha/year, 850 Kg/ha/year, and 1207 Kg/ha/year, for the Chemlali, Chetoui, and Koroneiki varieties, respectively.
The maximum cumulated yield, in the four years, was equal to about 20 tons/ha for Chemlali (T50) and Koroneiki (T50F). Hussein [29] recommended irrigation associated with the application of fertilizers to improve the response of Manzanillo olive trees in Saudi Arabia (high vegetative growth, improved fruit and oil yield). According to Aïachi Mezghani et al. [6] , the application of a limited amount of water, ranging from 20% to 50% ET c , can respond to the needs of the olive trees cultivated in central Tunisia. This irrigation volume can be adjusted according to the expected crop load. The smallest water amount (20% ET c ) was recommended for the non-bearing years ("off" years), while the relatively higher irrigation amounts (50% ET c ) could be advisable during years with high production ("on" years). Based on the acquired data, it seems that water supply is the main factor influcencing the increase of crop yield for Chemlali and Chetoui cultivars, resulting in the effect of fertilization being unclear. The lack of data related to the presence of macroelements in the soil and/or in the plants made it difficult to assess the reasons why for Chemlali and Chetoui cultivars the values of yearly and cumulated crop yields obtained in T50F resulted lower than the corresponding evaluated in T50. Further measurements are therefore needed to explore the effects of fertilization on these varieties, even to identify the macroelement which, more than others, limits the production. On the other hand, the Koroneiki cultivar was more sensible to the application of fertilizers, so that the maximum yield was obtained in T50F treatment.
A big variability on the crop yield was observed in the four experimental years, as evidenced by the high standard deviations characterizing the different treatments ( Figure 7a ). The observed variability is mainly due to the alternate bearing behavior, typical of the species which alters the productive patterns of the plant over the years, making less evident the effects of irrigation on the productive levels [4, 6, 12, 15, 47, 52] . Serrano [53] supported the hypothesis that the yield, during the "off" years, can be reduced by as much as 90% of that achievable during the "on" years.
The highest values of WUE, calculated as the ratio between the crop yield and the total water applied, were registered in TRF and T50 treatments for the Chemlali and in T50F for the Koroneiki cultivar. This index has been used to evaluate the efficiency of different irrigation management strategies and it influenced not only by physiological but also by non-physiological factors, such as irrigation management and soil evaporation [12, 14, 22, 43] .
Conclusions
Under the arid climate of Tunisia, the water supply (50% ET c ) used alone or associated with a complementary fertilizer compound based on the actual needs of the olive trees, improved the crop water status and increased the crop productivity. The comparison of different olive oil varieties, throughout a long period of observation, gave important information on their physiological performances and their reproductive behavior. The local cultivar Chemlali and the one recently introduced, Koroneiki, showed strong plasticity of the physiological responses and also a very interesting potential production.
The Chetoui cultivar showed poor adaptability to the arid conditions of southern Tunisia even under the application of water and fertilizers. Further studies are in progress to assess the effects of remedial irrigation and fertigation on vegetative growth, flowering, fruit and oil parameters. The achieved results evidenced that for Chemlali and Chetoui cultivars, irrigation has to be considered the main factor influencing significantly crop yield, resulting unclear the effects of fertilization. On the other hand, the effect of fertilization was more pronounced for the Koroneiki cultivar, which was associated with the maximum yield when irrigated with 50% ET c and fertilized.
